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ABSTRACT 
Magnetic skyrmions are promising information carriers for building future high-density 
and high-speed spintronic devices. However, to achieve a current-driven high-speed skyrmion 
motion, the required driving current density is usually very large, which could be energy 
inefficient and even destroy the device due to Joule heating. Here, we propose a voltage-driven 
skyrmion motion approach in a skyrmion shift device made of magnetic nanowires. The high-
speed skyrmion motion is realized by utilizing the voltage shift, and the average skyrmion 
velocity reaches up to 259 m/s under 0.45 V applied voltage. In comparison with the widely 
studied vertical current-driven model, the energy dissipation is three orders of magnitude lower 
in our voltage-driven model, for the same speed motion of skyrmions. Our approach uncovers 
valuable opportunities for building skyrmion racetrack memories and logic devices with both 
ultra-low power consumption and ultra-high processing speed, which are appealing features 
for future spintronic applications. 
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Magnetic skyrmions show great potential as novel information carriers in spin memory and 
logic devices, because they have a number of merits including small size, low driving current 
density and topological stability.1-7 Manipulations of magnetic skyrmions, including creation, 
motion and annihilation, have been intensively studied both theoretically8-15 and 
experimentally.16-25 Electric current is preferred to manipulate the skyrmion,26-30 especially for 
skyrmion motion.31-38 The threshold current density to drive skyrmions is around 106 A ∙ m−2, 
which is over 5 orders of magnitude lower than that of conventional domain walls (DWs).26 
However, a large driving current density is required to achieve high-speed skyrmion motion 
for fast information processing, which would result in significant amount of Joule heating,1,36 
and induce instability of devices.3,12 In addition, for current-driven skyrmion motion, geometric 
patterns39,40 or additional electric gates41 are usually attached to pin the skyrmion for realizing 
the addressable control, which increase the cost of operating energy and limit the maximum 
speed of skyrmion motion. For these reasons, more efficient and reliable means for controlling 
high-speed skyrmion motion are required. 
Instead of current-driven approach, various approaches like spin wave,9,19 magnetic field 
gradient,14 and many more, have been proposed for driving skyrmion motion. Most of these 
methods lack practical convenience in integrated electrical circuit application and may not be 
energy efficient for commercial use. 
The electric field or voltage has been proposed to be an energy-efficient method to 
manipulate magnetism42,43 and has been progressively applied to the development of skyrmion-
based applications.25,44,45 Very recently, a voltage controlled magnetic anisotropy (VCMA) 
gradient model to drive skyrmions was numerically shown by Wang et al..46 Wherein, a 
wedged insulating layer is used to generate the magnetic anisotropy gradient, which can avoid 
the Joule heating effect. However, the wedged structure is not controllable after the layer is 
deposited. Thus, a simple structure with controllable and reliable method for high-speed 
skyrmion motion driven by voltage is highly demanded. 
In this work, a series of equidistant identical electrodes on the nanowire with uniform 
thickness structure is proposed for high-speed skyrmion motion. A voltage-induced energy 
barrier and energy well on the sides of the skyrmion drive its directional motion to the 
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addressable position along the nanowire. An analytical model is developed to describe the spin 
texture in skyrmion profile passing through an energy step induced by VCMA. To realize high-
speed data delivery, parameters are optimized with and a solution is proposed for long-range 
skyrmion motion. With that optimization, the maximum velocity reaches 259 m/s when 0.45 
V voltage is applied. Under 0.15 V voltage, only 8.4 aJ is consumed for one shift of a single 
skyrmion with an average velocity of 100 m/s. Our method shows great advantages in the 
potential application of skyrmion-based racetrack memory or spin logic devices. 
Model 
 
Figure 1. (a) Sketch of the proposed device structure. Uniform width contacts on a 100 nm 
wide nanowire serve as voltage gates, with equidistant spacing. The insulating layer acts as a 
dielectric layer for VCMA effect and the magnetic layer is for the generation of skyrmions. 
The nanowire is along the x-axis. (b) Different skyrmion locations and the corresponding total 
energy of the system. The energy profile evaluates continuously when skyrmions are located 
at different position along x-axis. (c) The variation of the total energy when a skyrmion is 
centered at different locations along a nanowire under voltages +V, ground (G), -V and ground 
(G) applied to contacts 1 to 4, successively. The potential barrier and well are formed at 
contacts 1 and 3, the skyrmion located at contact 2 falls into the energy well at contact 3. The 
potential well is of 0.98 eV when 0.3 V voltage is applied. 
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The device structure is shown in Fig. 1(a). Skyrmions move in a magnetic nanowire of 100 
nm width, on which contacts with uniform width and equidistance are deposited as voltage 
gates. Numerical calculations are performed using the Object Oriented Micromagnetic 
Framework (OOMMF). 
Due to the VCMA effect, voltages applied on contacts will induce local anisotropy change.47-
49 In our simulation, we set the VCMA coefficient ξ as 100 fJ/Vm ,  which has been 
experimentally demonstrated in Ir/CoFeB/MgO system50 and Ta/CoFeB/MgO system.51 The 
typical thickness of the MgO layer is 1 nm and applied voltage is assumed to be 0.3 V. Under 
these conditions, an electric field of 0.3 V/nm in the MgO layer induces a change of 30 kJ/m3 
in a magnetic anisotropy constant 𝐾, which is about 9.5% of an anisotropy change52 (the typical 
dielectric breakdown field strength of MgO is about 2.4 V/nm53,54). In order to drive a skyrmion, 
a positive and a negative voltage are applied to contacts 1 and 3, respectively, while contacts 2 
and 4 are connected to the ground. As shown in Fig. 1(b) and (c), the total energy evaluates 
continually when a skyrmion is located at different positions along the nanowire with voltage 
applied. An analytical model is developed to describe the energy change when different spin 
textures cross a step-like anisotropy profile, based on 𝐸 = −𝒎 · 𝑯 (See Supplementary I in 
supporting information, SI). The calculation results indicate that a spin texture with finite size 
will generate an energy gradient when it passes through a step-like anisotropy field induced by 
VCMA. Moreover, the energy gradient width is closely linked with the skyrmion size (See 
Supplementary II). In case the skyrmion radius 𝑅𝑠𝑘  (radius of the 𝑚𝑧 = 0  contour) is 
neglectable compared with the contact width, a step-like energy potential is expected.46 In case 
of skyrmion radius being equivalent to the contact width, a continuous energy gradient is 
formed, shown as the black curve in Fig. 1 (c). The potential barrier and well of 0.98 eV on the 
left and right sides of a skyrmion centered at contact 2 are achieved. Then the skyrmion shifts 
to the contact 3, the potential well, realizing voltage-driven shift of magnetic skyrmion. 
Voltage-Driven Skyrmions Dynamics 
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For the analysis of skyrmion dynamics, Thiele equation is generally used with an assumption 
of rigid skyrmions. However, in our case, the skyrmion deformation is non-negligible, thus the 
Thiele equation can just serve for qualitative analysis. In consideration of the driving force 
from the energy gradient 𝐹𝑔 and repulsive force from the edge 𝐹𝑒 , the equation is written 
as28,55,56 
𝑮 × 𝒗 − 𝛼𝑫 · 𝒗 + 𝑭𝑔 + 𝑭𝑒 = 0 (2) 
where 𝑣 is the instantaneous velocity of the skyrmion. 𝑮 is the total gyromagnetic coupling 
vector, which only has a z-component 𝐺𝑧 = ∫ 𝑑𝑟
2𝒎 · (𝜕𝑥𝒎 ×𝑠𝑘 𝜕𝑦𝒎) = 4𝜋𝑁𝑠𝑘 (𝑁𝑠𝑘 is the 
skyrmion number, and sk stands for the skyrmion region). 𝑫 is the dissipative tensor, whose 
elements are given by 𝐷0 = 𝐷𝑥𝑥 = 𝐷𝑦𝑦 = ∫ 𝑑𝑟
2𝜕𝑥𝒎 ·𝑠𝑘 𝜕𝑦𝒎. 𝑭𝑔 is only the function of x, 
which can be expressed as 𝐹𝑔(𝑥) = 𝜕𝑥𝐸𝑎𝑛𝑖(𝑥) (See Supplementary I). 𝑭𝑒 is perpendicular 
to the nanowire edge, thus it is along the y-axis. The analytical solution for the instantaneous 
velocity can be expressed as 
(
𝑣𝑥
𝑣𝑦
) =
1
𝐺2 + 𝛼2𝐷0
2 (
𝐹𝑔 𝛼𝐷0 − 𝐹𝑒 𝐺
𝐹𝑔 𝐺 + 𝐹𝑒 𝛼𝐷0
) (3) 
where 𝑣𝑥 and 𝑣𝑦 are the longitudinal and transverse components of instantaneous velocity, 
respectively. 
As shown in Fig. 2(a), a skyrmion is driven towards the right contact (energy well) when the 
voltage pulses are applied. The skyrmion is not moving in a straight line along the nanowire as 
its trajectory (black dashed line) exhibits a noticeable transverse drift in voltage-driven motion. 
The corresponding longitudinal and transverse components 𝑣𝑥 and 𝑣𝑦 are plotted in Fig. 2(b) 
respectively, where 𝑣𝑥  is much larger than 𝑣𝑦 . The voltage driving force and the edge 
repulsive force contribute to both 𝑣𝑥 and 𝑣𝑦, and both 𝑣𝑥 and 𝑣𝑦 are inversely proportional 
to the damping coefficient alpha. The transverse velocity 𝑣𝑦 causes the skyrmion Hall effect, 
resulting in a transverse drift in the voltage-driven motion of a skyrmion. To avoid the 
annihilation of skyrmions, the anisotropic constant 𝐾 is set higher at the edge.57  
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Figure 2. (a) Top-view of the nanowire and typical trajectory of the skyrmion shift. +V and -
V are applied to the left and the right contacts to create a positive and a negative anisotropy 
constant change 𝛥𝐾. The regions with red color (blue color) represents mZ =+1 (mZ =-1) of 
the magnetic layer. The skyrmion size increases at different locations during one shift. (b) 
Evolution of instantaneous velocity during the shift. 𝑣𝑥  and 𝑣𝑦  are the longitudinal and 
transverse components of velocity obtained with anisotropic constant 𝐾 = 360 kJ/m3 and 
Dzyaloshinskii-Moriya interaction constant 𝐷 = 1.2 mJ/m2. 
 
Furthermore, an obvious skyrmion size change can be observed during its shift, which is 
consistent with the theoretical expression of skyrmion radius8 
𝑅𝑠𝑘 ≈
∆
√2(1−𝐷/𝐷𝑐)
(4) 
where ∆= √𝐴/𝐾 and 𝐷𝑐 = 4√𝐴𝐾/𝜋. In our model, as the energy well is centered at the zone 
with decreased 𝐾, the skyrmion radius should increase when it moves towards the energy well.  
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One important feature of the voltage-driven motion is that, the skyrmion will always 
overshoot the center of an energy well and process for a while. The procession is very sensitive 
to the damping constant 𝛼, and becomes extremely time-consuming at lower 𝛼. It occupies 
only 0.05 ns in a 1.5 ns shift under 𝛼 = 0.3, but 14 ns in one 15 ns shift with 𝛼 = 0.02. This 
leads to a large reduction in the average velocity for a single shift.  
Long-Range Skyrmion Motion 
In the skyrmion-based memory and logic devices, long-range skyrmion motion is demanded. 
To enhance the efficiency in long-range skyrmion motion, the relaxation process owing to the 
overshoot can be suppressed or avoided. One solution is to switch the voltages once skyrmions 
cross the center of the contacts, so that the procession is skipped and skyrmions continue to 
move to the designated contact directly (See Fig. 3).  
As a demonstration, one motion containing 4 single shifts in Fig. 3 exhibits the behavior of 
long-range skyrmion motion driven by voltage. A long-range motion can be divided into 3 
steps. That is, the first shift from 𝑡0 to 𝑡1, second from 𝑡1 to 𝑡3, and the last shift from 𝑡3 
to 𝑡4. The average velocities of each shift follow the relationship 𝑣1 ≈ 𝑣2 > 𝑣0 > 𝑣3 (shifts 
in the middle steps exhibit a similar velocity). For example, with parameters given in method, 
the simulation results are 𝑣0 = 46.9 m/s, 𝑣1 = 𝑣2 = 50.0 m/s, 𝑣3 = 24.1 m/s, in Fig. 3 
and 20.0 m/s for one single shift in Fig. 2. Benefitting from this strategy, the average velocity 
in long-range motion is increased to 42.75 m/s, which is two times larger than that of a single 
shift. In a shift device, the average velocity of long-range skyrmion motion is improved due to 
this improvement. In the following text, 𝑣0 stands for the average velocity of the first shift in 
a long-range motion, and the maximum limit of long-range motion average velocity is defined 
as 𝑣𝐿. 𝑣𝐿 equals to 𝑣1 (𝑣2) when the number of shifts increases. 
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Figure 3. Long-range motion trajectory and corresponding energy profiles for each shift. 
Energy wells move from left to right as the applied voltages switch from shift 1 to shift 4. To 
avoid the time-consuming procession, voltages are switched at the moments once skyrmions 
pass the center of the contacts. These moments are marked as 𝑡1 to 𝑡4. 𝑣0, 𝑣1, 𝑣2 and 𝑣3 
are the average velocity of each shift, separately. For the last shift, voltage is on until the 
skyrmion is stabilized. 
Velocity Optimization 
Magnetic parameters of 𝐾 and 𝐷 are tuned to optimize the performance of the voltage-
driven skyrmion motion. In our simulation, the transverse drifts are strongly suppressed with 
the increase in 𝐷 and a decrease in 𝐾. According to Equation (4), the radii of skyrmions 
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increase with the increase in 𝐷 and decrease in 𝐾. Thus, the trajectory of the skyrmion motion 
strongly depends on its radius.  
 
 
Figure 4. (a) Skyrmion trajectories with different 𝐾 , and 𝐷 . 𝐾1 = 360 kJ/m
3 , 𝐾2 =
335 kJ/m3  and 𝐾3 = 310 kJ/m
3 . 𝐷 = 1.2 mJ/m2 . (b) Skyrmion shift trajectories with 
different 𝐷 . 𝐷1 = 0.9 mJ/m
2 , 𝐷2 = 1.05 mJ/m
2  and 𝐷3 = 1.2 mJ/m
2 . 𝐾 = 310 kJ/m3 . 
The shape and size of skyrmions at different moments during the shifts are simulated and 
presented by the insets in panels (a) and (b). The applied voltage for the left and right parts are 
ground and -V, respectively. (c) Side-view and different energy profiles when skyrmion radius 
(𝑅𝑠𝑘) changes with a fixed contact width 𝑙. Energy platforms appear when 𝑅𝑠𝑘 is much less 
than 𝑙/2, and it disappears when 𝑅𝑠𝑘 ≈ 𝑙/2. (d) 𝑣0 vs. 2𝑅𝑠𝑘/𝑙 with different 𝑙. To realize 
the 2𝑅𝑠𝑘/𝑙 modulation, we change 𝑙, 𝐷 or 𝐾 (See Supplementary IV). 
 
The voltage-driven skyrmion motion is benefited from the formation of energy gradient when 
the non-uniform spin texture of a skyrmion crosses the boundaries of contacts. To realize the 
energy gradient, the ratio of skyrmion radius and the contact width should be sufficiently large, 
as shown in Fig. 4(c). For a skyrmion radius much smaller than the contact width, an energy 
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platform appears at the initial skyrmion position and disables the skyrmion motion. As the 
skyrmion size expands, the energy platform shrinks until it finally disappears and the skyrmion 
starts to move when its spin texture is partially located on the energy gradient. With further 
expansion, the skyrmion size becomes larger than the contact width and hence the energy 
platform shows up again. For the purpose of velocity optimization, we vary the skyrmion radius 
till it is half of the contact width, and the ratio 2𝑅𝑠𝑘/𝑙 is induced. By manipulating the device 
parameters 𝐷, 𝐾 and 𝑙, the initial average velocity 𝑣0 increases until 2𝑅𝑠𝑘/𝑙 reaches 1, as 
shown in Fig. 4(d). As long as the damping constant 𝛼 and the ratio 2𝑅𝑠𝑘/𝑙 are fixed, 𝑣0 is 
roughly constant regardless of the value of 𝐷, 𝐾 and 𝑙, and the maximum 𝑣0 is obtained 
when 2𝑅𝑠𝑘/𝑙 = 1. This conclusion is verified by a developed analytical model to find the 
optimal contact width, where the contribution from the edge is ignored (See Supplementary 
III). For skyrmions with 31 nm radius, the optimal contact width is found to be 58 nm, which 
is consistent with the OOMMF simulation results above. 
By decreasing the damping constant, the velocity increases, which is consistent with equation 
(3). For 1 nm CoFeB layer, the typical damping constant varies in a wide range between 
0.004~0.15 with different growth conditions and annealing treatments.58,59 In our simulation, 
𝑣0 can reach 98.5 m/s under 0.3 V with 𝛼 = 0.02. Hence, higher velocity can be expected 
with further decrease in 𝛼. 
In our designed structure for the voltage-driven skyrmion motion, the optimal velocity 𝑣0 
can be achieved when the skyrmion size is equivalent to the contact width. Unlike 𝑣0, the 
skyrmion shape in the initial stage is irregular for 𝑣𝐿. Thus, 𝑣𝐿 does not share the simple 
correlation with 2𝑅𝑠𝑘/𝑙 compared to that of 𝑣0. 
Under the optimization of 2𝑅𝑠𝑘 𝑙⁄ = 1, the average velocity in the initial stage and long 
range skyrmion motion are all simulated with different applied voltages and damping constants, 
as shown in Fig. 5(a) and (b).  
The average velocity increases with the increase in applied voltages and the decrease in 
damping constants. Nevertheless, a large applied voltage induces the skyrmion deformation 
especially with low damping constant as indicated in the insets of Fig. 5(a) and (b). The 
simulation data are marked as open dots when the large skyrmion deformation exceeds the 
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contact size, which is not in consideration for effective data delivery. Therefore, for 𝛼 = 0.02, 
the maximum 𝑣0 is limited to 98.5 m/s with 0.3 V and the maximum 𝑣𝐿 is 259.3 m/s with 
0.45 V. For the long-range motion under 0.45 V, one shift costs only 0.27 ns, leading to a 
switching frequency of 3.7 GHz. 
 
 
Figure 5. (a) 𝑣0  and (b) 𝑣𝐿  vs. applied voltage V under different 𝛼. Inserted images are 
simulated results of skyrmions indicating their size and shape at the moments when the center 
of skyrmions passes the center of the contacts. For open symbols, the skyrmion diameter is 
calculated to be larger than contact with, i.e., 2𝑅𝑠𝑘/𝑙 > 1, which is inapplicable to our device. 
 
The energy cost is estimated in our designed structure, which is simply expressed as 𝐸 =
0.5𝐶𝑉2 for a single contact in one operation, where 𝐶 is the device capacitance. When the 
contact width is fixed at 60 nm, 𝐶 is set to be 0.37 fF, and the energy consumption is 8.4 aJ 
per operation at 100 m/s velocity. To drive skyrmion motion under the same velocity, the 
voltage-driven method consumes three orders lower energy than that of the current-driven 
method (See Supplementary V).37 
Conclusion 
In this work we propose a voltage-driven skyrmion motion method and numerically 
demonstrate its feasibility. Parameters are optimized with a model describing the skyrmion 
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profile. In our system, the ratio of skyrmion radius and voltage contact width is found to have 
a great impact on skyrmion velocity, which reaches its maximum value when the ratio equals 
to 1. To overcome the problem of overshooting and relaxation in long-range skyrmion motion, 
we come up with a solution, raising the long-range velocity to 259 m/s with 0.45 V. Our concept 
can be applied directly to the racetrack memory, with excellent characteristics like low-power 
consumption, high storage density and high switching frequency. In contrast to the current-
driven method, the energy efficiency and addressable motion of voltage-driven method show 
great advantages in the application of skyrmion-based spintronic applications. 
METHODS 
Numerical calculations were performed using the Object Oriented Micromagnetic 
Framework (OOMMF) which allows magnetization dynamics simulation by solving the 
Landau-Lifshitz-Gilbert equation, written as  
𝜕𝒎
𝜕𝑡
= −𝛾0(𝒎 × ℎeff) + 𝛼 (𝒎 ×
𝜕𝒎
𝜕𝑡
) (1) 
where 𝒎  is the reduced magnetization, 𝛾0  is the gyromagnetic ratio and ℎ𝑒𝑓𝑓  is the 
effective field. Magnetic parameters based on typical CoFeB-MgO perpendicular magnetic 
anisotropy (PMA) systems are used to model the magnetic nanowire60,61: the PMA constant 
𝐾 = 310~360 kJ/m3 , the Dzyaloshinskii-Moriya interaction (DMI) constant 𝐷 =
0.9~1.2 mJ/m2, the saturation magnetization 𝑀𝑠 = 6 × 10
5 A/m, the exchange coefficient 
𝐴𝑒𝑥 = 1.12 × 10
−11 J/m, and the Gilbert damping constant 𝛼 = 0.3, 0.1 or 0.02. To avoid the 
annihilation of skyrmions, anisotropic constant 𝐾 is set higher at the edge, namely 𝐾𝑒𝑑𝑔𝑒 =
3 MJ/m3. 
SUPPORTING INFORMATION 
The supporting information contains: Energy evaluation with skyrmion motion, Energy 
profile change with different skyrmion radius, Optimization of average shift velocity, radius 
Page 13 of 19 
 
and velocity change with different magnetic parameters, Calculation of energy consumption， 
and two videos for the voltage-driven motion under different velocity.  
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Supporting Information for             
Voltage-Driven High-Speed Skyrmion Motion in a 
Skyrmion Shift Device 
Supplementary I: Energy evaluation with skyrmion motion 
 To calculate the evaluation of the total energy during skyrmion motion, we develop an 
analytical model to describe the energy change when different spin textures cross a step-like 
anisotropy profile, based on 𝐸 = −𝒎 · 𝑯. The anisotropic energy when the center of a domain 
structure arrives at 𝑥 can be expressed as 
𝐸𝑎𝑛𝑖(𝑥) = ∫ −𝒎(𝑥) · 𝑯𝑑Ω
Ω
(𝑆1) 
where Ω stands for the integration interval (the whole nanowire) and 𝑯 is the effective field 
considering the VCMA effect, who only has a z-component. The magnetic moment distribution 
in the nanowire is described by 𝒎(𝑥), which changes with the spin texture motion. Once we 
know the analytical expression of the spin texture 𝒎(𝑥) , 𝐸𝑎𝑛𝑖(𝑥)  can be calculated 
numerically. 
The energy evaluation during the motion for three different spin textures (uniform square 
domain, uniform circular domain, and skyrmion) is calculated respectively. The domain 
structure moves along the y-axis of a nanowire with finite width 𝑙 and infinite length. The 
boundary of the low-K region is set as 𝑥 = 0, and the normalized analytical expression of 𝑯 
is 
𝐻𝑧(𝑥) = {
−1,  𝑖𝑓 𝑥 ≥ 0
0,  𝑖𝑓 𝑥 < 0
(𝑆2) 
where −1 stands for the normalized effective field induced by VCMA effect. 
Firstly, we start the calculation from a uniform square domain with side lengths of a (blue 
and red arrows indicate spin-down and spin-up respectively) is shown is Fig. S1. We let this 
domain structure move into the low-K region (dark gray region, stands for the VCMA effect). 
The position of this square domain is described by its center (𝑥𝑟𝑒𝑐, 𝑦𝑟𝑒𝑐). The analytical 
expression of 𝒎(𝑥𝑟𝑒𝑐) just has a 𝑚𝑧 component, written as 
 
 
 
 
𝑚𝑧(𝑥𝑟𝑒𝑐) = {
−1,  𝑖𝑓 −
𝑎
2
< 𝑥 − 𝑥𝑟𝑒𝑐 <
𝑎
2
1,  𝑖𝑓 𝑒𝑙𝑠𝑒
(𝑆3) 
In this case, the energy evaluates linearly when the square spin-down structure crosses the 
boundary of the low-K region. The width of linear decrease of the energy is equal to a, as 
shown in Fig. S1. 
 
Figure S1. Normalized energy profile when a uniform square spin texture moves into a low-K 
region (dark grey). Red and blue arrows stand for spin-up and spin-down moments, 
respectively. 
 
 Secondly, we simulate the energy evaluation when a uniform circular shape spin-down 
structure moves into the low-K region. The position of this circular shape domain is described 
by its center (𝑥𝑟 , 𝑦𝑟) and its radius is set as R. Similarly, the analytical expression of 𝒎(𝑥𝑟) 
only has the 𝑚𝑧 component, written as 
𝑚𝑧(𝑥𝑟) = {
−1,  𝑖𝑓 (𝑥 − 𝑥𝑟)
2 + (𝑦 − 𝑦𝑟)
2 < 𝑅2
1,  𝑖𝑓 𝑒𝑙𝑠𝑒
(S4) 
In this case, the energy evaluates continually, but the energy gradient behavior is different from 
that of the square spin-down structure, as shown in Fig. S2.  
 
 
 
 
 
Figure S2. Normalized energy profile when a uniform circular shape spin-down moves into a 
low-K region (dark grey). 
 
 Finally, we simulate the energy evaluation when a skyrmion moves into the low-K region. 
The position of the skyrmion is described by its center (𝑥𝑠𝑘, 𝑦𝑠𝑘) and its radius is set as 𝑅𝑠𝑘 
(radius of the 𝑚𝑧 = 0 contour). An analytical model is induced to describe the skyrmion 
texture. In a spherical coordinate system, magnetization at 𝑟  is described by polar and 
azimuthal angles Θ(𝑟, 𝜙) and Φ(𝑟, 𝜙). For a skyrmion centered at 𝑟 = 0, the polar angle can 
be expressed as1,2 
Θ(𝑟) = 2 arctan [
sinh (
𝑅𝑠𝑘
𝑤 )
sinh (
𝑟
𝑤)
] (𝑆5) 
where 𝑤 is the domain wall width. To apply this model in the rectangular coordinate system, 
the polar angle in the spherical coordinate Θ(𝑟) is transformed to Θ(𝑥, 𝑦) with the skyrmion 
centered at (0, 0). The magnetic anisotropy energy when the skyrmion arrives at (𝑥𝑠𝑘, 𝑦𝑠𝑘) 
can be expressed as 
 
 
 
 
𝐸𝑎𝑛𝑖(𝑥𝑠𝑘) = ∫ −𝒎(𝑥𝑠𝑘) · 𝑯𝑑Ω
= ∫ −𝑐𝑜𝑠(Θ(𝑥 − 𝑥𝑠𝑘, 𝑦 − 𝑦𝑠𝑘)) · |𝑯(𝑥, 𝑦)|𝑑𝑥𝑑𝑦 (𝑆6)
 
In this case, the energy evaluates continually and the energy gradient is different with that of 
the circular shape spin-down domain, as shown in Fig. S3. The energy almost doesn’t change 
at the beginning and the energy gradient appears when the 𝑚𝑧 = 0 contour crosses the low-
K boundary. 
 
 
Figure S3. Normalized energy profile when a skyrmion moves into a low-K region (Dark grey). 
 
Supplementary II: Energy profile change with different skyrmion radius 
 In this part, we study the energy profile with varying the skyrmion radius 𝑅𝑠𝑘. The voltage 
is applied as shown in Fig. 1 in the main text and the contact width 𝑙 is fixed at 60 nm. An 
energy platform appears in the energy profile when 2𝑅𝑠𝑘 < 𝑙, and it disappears when 2𝑅𝑠𝑘 ≈
𝑙 and reappears when 2𝑅𝑠𝑘 > 𝑙, as shown in Fig. S4. This change is consistent with the result 
in Supplementary I that the energy gradient width depends on the skyrmion radius. 
 
 
 
 
 
Figure S5. Energy profile change with different skyrmion radius. The contact width is fixed at 
60 nm. 
 
Supplementary III: Optimization of average shift velocity 
According to equation (2) and (3) in the main text, the continuous change of 𝐸𝑎𝑛𝑖 generates 
the driving force 𝐹𝑔  for the skyrmion motion, 𝐹𝑔(𝑥) = 𝜕𝑥𝐸𝑎𝑛𝑖(𝑥) . Assuming that the 
nanowire width is much larger than the skyrmion width, we ignore the force from the edge and 
the expression (3) for x-component can be simplified as  
𝑣𝑥(𝑥) =
𝐹𝑔𝑟𝑎𝑑(𝑥)𝛼𝐷0
𝐺2 + 𝛼2𝐷0
2 (S8) 
 We name the beginning and the destination of one skyrmion shift as 𝑥0 and 𝑥1. From 𝑥 
to 𝑥 + 𝑑𝑥  in [𝑥0, 𝑥1], the time consumed can be estimated as 𝑑𝑡(𝑥) =
𝑑𝑥
(𝑣𝑥(𝑥)+𝑣𝑥(𝑥+𝑑𝑥))/2
. 
Therefore, the total time consumed in this shift is the integration of 𝑑𝑡(𝑥) for 𝑥 in [𝑥0, 𝑥1], 
and the average velocity of this shift can be expressed as 𝑣 =
𝑥1−𝑥0
∫ 𝑑𝑡(𝑥)
𝑥1
𝑥0
. Based on the energy 
profile calculated in Supplementary I, the average velocity can be calculated with different 
width of contact. Ignoring the spacing between contacts and the skyrmion size change during 
the shift, the average velocity is calculated with varying the width of contact with fixed 
skyrmion radius 31 nm (𝐾 = 310 kJ/m3, 𝐷 = 1.2 mJ/m2). The numerical result reveals that 
 
 
 
 
the maximum of the average velocity is obtained when the contact width 𝑙 is 58 nm, which is 
about twice of the skyrmion radius 𝑅𝑠𝑘 . This conclusion is coherent with the result in 
Supplementary II, as the energy platform will decrease the motion velocity.  
 
 
Figure S4. Velocity change (normalized) with different contact width 𝑙. 
 
Supplementary IV: Radius and velocity change with different magnetic parameters 
 In this part, we change magnetic parameters 𝐷 and 𝐾 to study the impact on skyrmion 
radius and shift velocity 𝑣0, while the contact width 𝑙 is fixed at 70 nm. Figure S4 shows the 
change of skyrmion radius 𝑅  and average velocity 𝑣0  with different 𝐷  and 𝐾 . 𝑅 
increases when 𝐷 increases or 𝐾 decreases, which consists with equation (4). 𝑣0 increases 
when 𝑅 is less than 35 nm and decreases when 𝑅 is larger than 35 nm, which is also coherent 
with the conclusion in Supplementary III.  
 
 
 
 
 
 
Figure S6. Radius and velocity change with different 𝐷 and 𝐾. (a) Radius increases with 
larger 𝐷. (b) Velocity increases when 𝐷 is less than 1.2 mJ/𝑚2 (radius about 35 nm) and 
decreases when 𝐷 is larger than 1.2 mJ/𝑚2. (c) Radius decreases with larger 𝐾. (d) Velocity 
increases when 𝐾 is less than 310 kJ/𝑚2 (radius about 35 nm) and decreases when 𝐾 is 
larger than 310 kJ/𝑚2. For (a) and (b), 𝐾 is fixed at 310 kJ/𝑚2. For (c) and (d), 𝐷 is fixed 
at 1.2 mJ/m2.  
 
Supplementary V: Energy consumption 
 In our system, the energy dissipation is mainly from the charge of capacitive dielectric 
layer, namely the MgO layer. To achieve the skyrmion velocity around 100 m/s, 0.15 V voltage 
is applied on the contacts. Taking 1 nm MgO as the gate oxide with the relative permittivity of 
7 and an area of 60 nm×100 nm, the energy required is 8.4 aJ.  
Compared with the reported results from experiment for the same velocity, the required 
current density is around 5×1011 A ·m-2.3,4 According to the experimental work, the film 
structure is a [Pt(4.5 nm)/CoFeB(0.7 nm)/MgO(1.4 nm)]15 multilayer stack. The resistivity of 
 
 
 
 
metals is taken as 1×10-7 Ω·m. In this case, to drive one skyrmion shift of 70 nm, the Joule 
heating is 8.2 fJ. Thus, the energy dissipation in our voltage-driven method is three orders 
lower than that in current-driven skyrmion motion. 
 
Supplementary VI: Video of the motion 
Two voltage-driven motion videos are attached. Both of them contains three shifts. The first 
one is under 0.3 V voltage and the average velocity is about 100 m/s. The second one is under 
0.45 V voltage and the average velocity is about 249 m/s. 
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